To study the radiation effect of cosmic heavy ions of low fluxes in electronics and living samples, a focusing heavy ion microbeam facility, for ions with energies of several MeV/u up to 100 MeV/u, was constructed in the Institute of Modern Physics of the Chinese Academy of Sciences. This facility has a vertical design and an experiment platform for both in-vacuum analysis and in-air irradiation. Recently, microbeam of 12 C 6+ with energy of 80.55 MeV/u was successfully achieved at this interdisciplinary microbeam facility with a full beam spot size of 3 μm × 5 μm on target in air. Different from ions with energy of several MeV/u, the very high ion energy of hundred MeV/u level induces problems in beam micro-collimation, online beam spot diagnosis, radiation protection, etc. This paper presents the microbeam setup, difficulties in microbeam formation, and the preliminary experiments performed with the facility. © 2013 AIP Publishing LLC. [http://dx
I. INTRODUCTION
High energy heavy ions from cosmic radiation possess high linear energy transfer (LET) and produce densely ionizing radiation along their trajectory in matters. These high-LET ions are of great concern in space exploration because they can produce single event effects (SEE), such as soft error and hard defect in semiconductor devices, or induce complex DNA damages in astronauts (Refs. 1-3). Ion microprobe can provide ion irradiation and give with micrometer resolution the spatial response of semiconductor devices or biological cells to ion irradiation (Refs. 4 and 5); therefore, it is a powerful tool in ground simulation and risk evaluation of space radiation.
Tens of proton or helium ion microbeams and several heavy ion microbeam facilities have been established since the first MeV microprobe setup in Harwell University in the 1970s. These facilities have been applied in ion beam analysis of samples in biology, medicine, semiconductor technology, geology, and other fields, and spatial resolution of several μm to sub-100 nm has been achieved (Refs. [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] . Figure 1 shows the LET and range of typical ions supplied by the microbeam facilities in operation. SEE study uses ion irradiation of both high LET (about 2 × 10 2 -2 × 10 4 keV/μm, i.e., mass stopping power of 1-100 MeV/(mg/cm 2 )) and long range (about 10-1000 μm) in silicon, and MeV proton or helium ion microbeams cannot be applied to simulate the radiation effect of single cosmic heavy ions due to their LET limit. For example, iron ions, one of the abundant heavy elements in cosmic radiation, possess a maximum LET of 6810 keV/μm in silicon with energy of 100 MeV, while several MeV helium ions and protons possess 305 keV/μm and 41 keV/μm, respectively. Furthermore, the scattering in targets also limits the resolution of proton and helium microbeam inside thick samples compared with heavy ions, especially with high energy heavy a) Author to whom correspondence should be addressed. 
II. THE IMP MICROBEAM FACILITY
The setup and the beam optics of the high energy microbeam facility at IMP have been described previously (Ref. 19) . Briefly, the facility could use heavy ions of 7-100 MeV/u energy provided by the Heavy Ion Research Facility in Lanzhou (HIRFL), which is composed of a Sector Focusing Cyclotron (SFC, up to 10 MeV/u), a Separated Sector Cyclotron (SSC, up to 100 MeV/u), and a Cooler Storage Ring (CSR, up to 1 GeV/u). As shown in Figure 3 , the microslit system which is composed of object slit, momentum slit, divergence slit, and anti-scattering slit, defines the beam acceptance of the microbeam facility. The experiment platform consists of a vacuum chamber mounted with a 3-axis stage for in-vacuum materials analysis, and an inverted fluorescence microscope (Olympus IX-81) for in-air irradiation and cell observation (Figure 3 ). After the primary focusing on the object slit, the beam is bent down to the basement, and then is focused by the high gradient quadrupole triplet (Q5-Q7) onto the target which is located either in the vacuum chamber or on the microscope stage in air.
III. DIFFICULTIES IN MICROBEAM FORMATION
The first difficulty in obtaining microbeam of 100 MeV/u level heavy ions is the collimation of broad beam to a sharp microbeam object. The penetration depth of 2 MeV protons in steel is about 18.5 μm, that of 27.5 MeV/u carbon ions is about 0.5 mm, thus an object of tens of micrometers is easy to form using a polished metal blade or rod. However, carbon ions of 100 MeV/u can penetrate steel up to 4.9 mm, the penetrated and scattered ions with different energies result in unacceptable chromatic aberration in microbeam focusing. To form an effectively collimated object, the 2 × 45
• bending magnets were combined to the object microslit, and so most ions with large deviated energies were stopped by the divergence slit and the anti-scattering slit, and the scattered ions entering the focusing magnets were reduced. The curved beamline design can prevent most of the radiation risk at the underground working station, because most of the radiation is produced in the object slit by high energy beam bombardment; the vertical experiment platform facilitates to irradiate biological samples mounted with culture medium and observe sample with an off-the-shelf microscope. Traditionally, beam spot of MeV ion microbeams is diagnosed via scanning transmission ion microscopy (STIM), where the beam spot is determined online by the resolution of energy-loss mapping of penetrated ions through a copper mesh of several-micrometer thickness (Ref. 20) . However, this technique does not work with the high-energy carbon ions of 80.5 MeV/u (1 GeV total energy) used in this work, which have a range of 10 mm in silicon. First, there is no commercial silicon detector possessing that long sensitive area; second, even with tungsten grid whose density is ∼2 times as copper, STIM using 20-μm thick tungsten foil only induces an energy loss of 6 MeV (0.6% of the original total energy), which is beyond the energy resolution of the silicon detector normally. Furthermore, beam spot diagnosis using micro-PIXE (particle induced X-ray emission) cannot be applied here either due to the low current (10-1000 ions per second) of the focused beam at our microbeam facility.
To evaluate the beam spot online at IMP microbeam facility, the beam spot was directly visualized using the in-air microscope seated under the vacuum chamber. The beam passed through the vacuum window and hits the Ce:YAG scintillator (300 μm thick), and the scintillation light was taken by a CCD camera (Retiga 4000RV CCD). The microscopic microbeam visualization was tested with 2. 
IV. PRELIMINARY EXPERIMENTS
Preliminary experiments to study the spatial irradiation effect on living cells have been performed with coarsefocused 84 MeV 12 C 6+ ions of 20-μm beam spot during a beam time sharing with the CSR for cancer therapy. For micro-irradiation of living cells, a cell dish (70 mm × 70 mm frame with a hole of 3 cm in the center) made of stainless steel, pasted with Mylar foil of 4 μm thickness to the bottom was used for cell culture. Before micro-irradiation, the cell dish was sealed with a foil cover and put upside down below the vacuum window to keep the cell in sterile medium and to avoid ion scattering in medium before hitting the cells (Figure 5(a) ). As shown in Figure 5 (b), MRC-5 fibroblast cells were fixed after micro-irradiation and immuno-stained for g-H2AX protein (phosphorylated H2AX histone protein), which is a marker for DNA double-strand breaks. The fluorescence microscopic image shows that a g-H2AX stride was induced in cells along the microbeam scan path. A kind of cell dish with coordinates mark was also developed using lithography technique as shown in Figure 5 (c), so that irradiated cells located at the beamline microscope can be relocated easily with other microscopes.
V. CONCLUSION AND OUTLOOK
The high energy heavy ion microbeam facility at IMP has successfully focused GeV heavy ions into micrometers, which makes it the first facility be able to focus 100 MeV/u energy level heavy ions into micrometers among the present ion microbeam facilities. This microbeam facility can supply a variety of heavy ions from Carbon to Uranium with an energy range from 7 MeV/u up to 100 MeV/u (for carbon ions) produced by HIRFL. Recently, the data acquisition and the beam control system have also been established to perform single ion hits, spectrum mapping, and pattern irradiation experiment (Ref. 21 ). This high energy microbeam enables us to obtain spatial information of irradiation effects induced by high-LET ions in space radiation, including single event effect in electronics radiation hardness study, adaptive response and bystander effect in low dose ionizing radiation study, plus sub-cellular radiation damage and signaling studies. Furthermore, the long range and high LET of high energy heavy ions facilitate the application of material analysis and modification using ion beam to large-scale samples with the IMP microbeam facility.
